Abstract -Lakes are sensitive to changes in their environmental boundary conditions that can be 22 indicated in the periodic behavior of water quality variables. The present work aims to assess the 23 degree to which common annual periodic behavior is present (1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010) in the meteorological 24 parameters (global radiation, air temperature, cloud cover), streamflow; and five primary nutrients 25 Ecological Indicators 83 (2017) 21-31; http://dx.doi.org/10.1016/j.ecolind.2017.07.018 2 (e.g. total phosphorus, nitrate-nitrogen) as possible indicators of ecosystem vulnerability in four 26 different ecosystems using wavelet coherence analysis. The cascade system is located in the mouth 27 of a shallow river where the water flows through a eutrophic pond then a disturbed/undisturbed 28 macrophyte covered wetland reaching a large shallow lake. The results highlight the differing abilities 29 of the elements of the cascade of ecosystems to follow seasonality. The changes in water quality 30 (nutrient cycle) in the eutrophic pond most closely mirror meteorological seasonality. The 31 vulnerability of the wetland ecosystem was expressed by its decreased capacity to follow seasonal 32 changes due to high algae loads and additional inflows. Moreover, the wetland proved to be weak 33 and unstable regarding phosphorus and nitrogen retention. With the successful application of wavelet 34 coherence analysis to the "black-box" cascade system the study sets an example for the implications 35 of the method in such combined or stand-alone natural/partially-constructed ecosystems. 36 37
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Introduction 41
Water, and especially fresh water, is one of the most critical natural resources which is highly 42 endangered by climate change and anthropogenic activity (Vörösmarty et al., 2000) . It has been 43 documented that environmental (Reynolds, 1984) and anthropogenic factors (Kovács et al., 2010 ) 44 govern and may indeed corrupt the capacity of freshwater ecosystems to follow seasonal changes. In 45 the moderate climate zone aquatic ecosystems, e.g. rivers (Wong et al., 1978) and shallow lakes are 46 per se susceptible to eutrophication (Padisak, 1992) , while even constructed wetlands (Kadlec, 1999 ) 47 tend to follow seasonal changes in hydrometeorology as far as the variables describing their quality 48 and/or quantity are concerned. This phenomenon is mirrored in the seasonal behavior of e.g. runoff 49
(Dettinger and Diaz, 2000), concentrations of nitrogen (Exner-Kittridge et al., 2016) and phosphorus
• The outflow of the algae-dominated shallow eutrophic pond Phase I., abbreviated in the present 136 study as "AD". 137
• The outflow of the macrophyte-dominated wetland habitat, representing the undisturbed wetland, 138 abbreviated in the present study as "WD" 139
• The downstream outlet of KBWPS, including the outflow water of the wetland and additional 140 external inputs reach the system bringing a 40% excess in streamflow , thus 141 representing a "mixed" wetland habitat (disturbed wetland); abbreviated in the present study as "DS". 142
The latter two (WD and DS) will be referred to together in certain places of the paper as Phase II 143 (Fig. 1) . Please note that for Q at WD, the data was only available from 01.01.1995. 144 145
Methodology 146
The periodic behavior of the independent variables was evaluated using wavelet spectrum 147 analysis to identify those time intervals lacking annual periodicity. Than to find the direct common 148 periodic signal between the water quality parameters and the independent variables, wavelet 149 transform coherence (WTC) was used, as it was applied e.g. to uncover the relationship between 150 climate indices and streamflow variability (Nalley et al., 2016) , to explore the relationship between 151 water levels and chlorophyll-a in Lake Baiyangdian (Wang et al., 2012) . This approach was also used, 152 e.g. on stable isotopes in precipitation and temperature (Salamalikis et al., 2016) , on speleothems and 153 climate variables , or in assessing low-frequency variability in hydroclimate 154 records from east Central Europe (Sen and Kern, 2016) . 155
Wavelet spectrum analysis is considered as a function localized in both frequency and time with 156 a zero mean (Grinsted et al., 2004) ; it could also be taken as the convolution of the data and the 157 wavelet function (Kovács et al., 2010 ) for a time series (Χn, n=1,. . . , N) with a ' ' degree of uniform 158 resolution (Eq. 1):
(1) 160
Here N stands for the length of the time series, ψ0 the wavelet function and s the scale. In the 161 present case to generate daughter wavelets the Morlet mother wavelet (Morlet et al., 1982) was used 162 as the source function. 163
Wavelet spectrum analysis provides the basis for wavelet transform coherence, which is able to 164 indicate the common power of two variables, being in this way similar to a correlation coefficient, 165 but localized in the frequency-time space (Grinsted et al., 2004) . While wavelet spectrum analysis takes 166 into account one variable in 3D (period, power and its localization in the time-frequency space), 167 wavelet transform coherence does the same but for two variables (in this case, one dependent and one 168 independent) in 4D, because the phase differences, which represent the temporal lags, are included 169 as well. 170
In the study only the positive signals significant (α=0.01) against a thousand first-order auto 171 regressive AR(1), surrogate time series were considered; for details see Roesch and Schmidbauer 172 (2014) . It should be noted that, since the wavelet functions at each scale are normalized, the wavelet 173 transforms of the results are comparable even to other time series (Torrence and Compo, 1998) . Three 174 main characteristics of the wavelet transform coherence were used: 175 (i) the presence of the coherent periods in time, which meant that the significant periodic 176 behavior -coherence -at a certain frequency was transformed into percentages, while taking as 100% 177 the presence of the coherence/period throughout the whole investigated time as in previous studies 178 (ii) the maximum global−wavelet power, which is the average cross-wavelet power in the 180 frequency domain (averages over time (Roesch and Schmidbauer, 2014) , 181 and (iii) the phase differences between the pairs of water quality parameters and meteorological 182 parameters which show which series is the leading one in this relationship (Fig. A1) . shows values similar to that of particulate nitrogen (PN) up to the outflow of the eutrophic pond and 204 accounts for half of TN; it follows the increase of algae biomass (in this case approximated by TSS). 205
In the wetland, DON slightly decreases, but not to the same degree as the nitrate-nitrogen. Therefore, 206
at the downstream outlet of the wetland to Lake Balaton (DS; Fig. 1 As expected, wavelet spectrum analysis indicated a strong and significant annual periodicity 225 throughout the whole investigated period for all (e.g. Fig. 3a) but one of the independent variables. 226
The exception is precipitation (Fig. 3b) . In the power spectrum density graph of precipitation major 227 gaps were observed in its annual periodicity, e.g. between ~2000 and ~2002 (Fig. 3b ). In addition, it 228 indicated the weakest global wavelet power in the one-year period band (Table 2 ). Thus, due to its 229 more intermittent and weak seasonality, it was omitted from the wavelet transform coherence 230 analyses to avoid misleading and unstable results. Regarding the other independent variables, the 231 global wavelet power was highest for T and GR, while the second weakest was for CC. In the case of 232 Q, a clear continuous increase (~34%) can be observed downstream from US to DS. As the main step, pairs were set up using the water quality parameters and the independent 251 variables and their coherence was examined using wavelet transform coherence. Results showed that 252 most of the corresponding water quality parameters and the independent variables pairs have a 253 significant common annual periodicity over the entire studied time interval. In the frequency bands 254 other than those corresponding to the annual period, the global wavelet powers of the coherences 255 were always noticeably weak and/or insignificant (α=0.01; as an example, see later Fig. 4a) . 256
This coherence in annual periodicity was most powerful between the P forms and the 257 independent variables (especially GR and T; Table 3 ). At the US site SRP, and in the eutrophic pond 258 TP, gave a higher global wavelet power at the one-year period band. These powers reached their 259 maxima after the year 2000 (see later Fig. 4 ). The coherence of P forms with streamflow was the 260 weakest at US and in the AD area, while it was the highest and of the same magnitude in the two 261 sampling locations (WD and DS) of Phase II of the KBWPS. It should be noted that, in general, TP 262 displayed the strongest coherences in the system (avg. global power = 0.70). 263
Regarding the N forms, the global wavelet power of TN was of the same magnitude at US and 264 in Phase II (WD and DS); it was strongest at AD with GR and T. In the meanwhile, for NO3-N, the 265 picture was somewhat similar to that of TN, but more balanced. However, coherence was still highest 266 at AD. 267
In the case of TSS in general, weak coherences were observed in the system, avg. global power 268 = 0.26 except at AD (Table 3) . Its coherence with e.g. CC at US and in Phase II (WD and DS) was 269 <0.08, making it hard to draw solid conclusions. The highest degrees of coherence were to be seen at 270 AD, where the coherence of the WQPs with CC and Q increased as well. TSS here had nearly as higha degree of coherence with GR and T as did the TP (Table 3 ). The weakest coherences in general for 272 TSS were seen at WD (avg. power=0.07). 273 274 From the independent variables side, the weakest coherences were observed between the WQPs 279 and CC, and, secondly, with Q. On average, the global wavelet powers were the lowest US (0.4) and 280 highest at site AD (0.57), while they were of the same magnitude in Phase II (0.51 and 0.52 for WD 281
Absence of coherence between the WQPs and the meteorological parameters 284
Overall, in the whole KBWPS there were 16 occurrences when coherence over an annual scale 285 between the WQPs and the independent variables was interrupted. The absence of annual coherence 286 was only considered if its length was longer than one year, i.e. ~6% of the total investigated time 287 (Table 4) . From the perspective of independent variables, these cases were mostly associated with Q 288 (in 12 out of the 17 pairs). Moreover, the highest portion of absence in coherence was usually related 289 to streamflow (~50% of the absence between Q & SRP at AD and Q & TSS at US, WD, DS; Table  290 4). From the perspective of WQPs these episodes of absence in annual coherence were mostly related 291 to SRP and TSS at AD and WD respectively. With regard to the spatial aspect, the average absence 292 decreased in the eutrophic pond and the wetland with respect to the River Zala, after which it 293 increased again at DS (Table 4) . 294 295 
Phase differences 300
From the phase differences on the power spectrum density graphs, it is clear that it was mostly 301 the independent variables that were leading the WQPs (e.g. later in Figs. 4-7) . The P forms, for 302 example, were mostly in antiphase with CC and Q and in phase with GR and T in the whole system, 303 just as TSS at US and at site AD (Table 5) . It was interesting to observe that while T was leading 304 certain WPQs by 1-2 months (e.g. TP at AD; Fig. 4a ), GR was leading these by 2-3 months (Fig. 4b) . 305
The only habitat where the phase difference of SRP and the independent variables was 306 changing/inconclusive was in the eutrophic pond (AD). TSS in Phase II seems to tend towards 307 keeping the pattern indicated upstream, but its phase differences become changing and inconclusive. 308
It should be noted, that its powers were the lowest here in the whole KBWPS (Table 3) . 309 310 As for the N forms, NO3-N, displayed a pattern opposite to that of the P forms (except for SRP 324 and GR at AD). It is in antiphase with T and GR and in-phase with Q, while TN is mostly 325 inconclusive, especially in Phase II (Table 5 ; e.g. Fig. 5a ). However, in the River Zala, TN indicates 326 a quasi-persistent antiphase pattern with T, while with GR it was rather hectic (Table 5) . It 327 nevertheless showed a quasi-persistent in-phase relationship with T and GR at AD (Fig. 5b) . This 328 implies that the N forms besides NO3-N, organic and particulate, are in-phase with T and GR (Fig.  329 2). 
Overview of the coherences 337
The annual coherence between the water quality-and climatic variables of a river, eutrophic 338 pond and wetland was directly compared. Since there is no transitional area (ecotone) between the 339 ecosystems, the differences in annual coherence clearly represent the distinct habitats, and are as 340 much as possible. In the whole system, the most important factors driving the coherences between 341 the water quality parameters and independent variables were global radiation/temperature, the setting 342 of the different habitats, and the nutrient loads arriving through the River Zala. 343
In the River Zala (US), annual coherence was strongest between the P forms, nitrate, and T & 344 The eutrophic pond (AD) was even more exposed to the effects of air temperature and radiation 357 than the River Zala. The water here slows down, the residence time increases and the pond is slightly 358 shallower than the River Zala (average depth 1.1 m (Tátrai et al., 2000) ). With regard to P, its main 359 processes can be delineated by the Vollenweider model, which describes the relationship of the 360 trophic state of the system based on P loads and mean depth/retention time (Reynolds, 1992 ; 361 Vollenweider and Kerekes, 1982) . It thus provides ideal conditions for algae to reproduce and 362 consume the SRP in the water (Hatvani et al., 2014) arriving via the River Zala. This is the reason for 363 the lowest SRP values in the whole system (avg. = 0.02 mg l -1 ; Table 1 ) being found in the eutrophic 364 pond. In the meanwhile, an opposite process is also present here: with the increase of temperature, 365 the internal P loads of the eutrophic pond increase as well, P is released from the sediment 366 (Istvánovics et al., 2004) , especially in drier and warmer years (Chambers and Odum, 1990). This 367 should account for the high degree of coherence between TP (including bounded P in algae cells: 368 "algae-P") and T & GR in the particularly warm and dry years after 2000 (Fig. 4) . These previously 369 discussed processes acting simultaneously (peaking at the same time in the growing season) are 370 responsible for the inconclusive phase difference of SRP and independent variables and the decreased 371 power and occasional absence of their annual coherence. Moreover, since TSS consists mostly of 372 algae in the eutrophic pond (Pomogyi, 1996) , it comes as no surprise that the power of its coherencewith GR and T was as high as that obtaining between TP and GR & T, because TP consists of "algae-374 P". The same notion is true for the N forms as well, especially TN. It predominantly represents the 375 algae -the organic N fraction (Fig. 2) -of the eutrophic pond (Wetzel, 2001) . At the same time, 376 inorganic N (nitrate and nitrite) decreased in concentration as SRP, where nitrite was already present 377 in small portions. TSS only indicated a strong coherence with the independent variables where it 378 consists mostly of algae; this occurred only in the eutrophic pond. 379
The waters arriving from eutrophic pond slow down even more and reach the undisturbed-and 380 the disturbed wetland habitat of the KBWPS. Due to the excess loads (see Section 1.1 and Fig. 1) , the 381 disturbed "mixed" wetland habitat shows the characteristics of both a classic wetland and a stream. 382
The latter observation manifested itself in the similarity of the disturbed wetland to the River Zala 383 with regard to the global wavelet powers and the absence of annual coherences. In the case of the 384 phase differences, however, the disturbed wetland resembles the classic wetland, indicating that 385 despite the additional inputs both (i.e. the whole of Phase II) are decomposition dominated 386 (Istvánovics et al., 1997) , with much lower P retention capacity than the eutrophic pond (Somlyódy, 387 1998 ). TN here consists of both organic and inorganic forms, mainly characteristic of processes such 388 as phase changes. Thus, meteorological factors are unlikely to drive TN concentrations. Moreover, 389 the shading of the macrophytes is also a major factor here in controlling the biological processes. It 390 has been documented that shading is a factor in dampening the capacity of a wetland to indicate 391 seasonal changes (Kovács et al., 2010) . It is suspected that the lowest global wavelet power of TN 392 and TSS and the significant gaps in their annual coherence with the independent variables are because 393 of the previously mentioned phenomena. The coherence with the independent variables and the 394 concentration of TSS (Table 1) slightly increases as the additional inputs reach the system. On the 395 one hand, the gaps in annual coherence of TSS and the independent variables were present in the 396 undisturbed wetland because of the mostly low concentrations of TSS (Table 1 ; Fig. A2 ) as in 397 macrophyte dominated constructed wetlands (Dunne et al., 2012). While, on the other hand, the gapsbetween TSS and Q at the output of the system were present due to the unbalanced additional inputs 399 (e.g. Fig. A2 ) from natural streams, constructed canals and fish ponds (drained three times a year, but 400 irregularly) to Phase II of the KBWPS. 401
In general, the average percentage of absences in coherency between the water quality 402 parameters and the independent variables decreases as the waters' residence time increases from the 403 River Zala, up to the undisturbed wetland (Section 3.3.1; Table 4 
Inconclusive phase differences of P forms and TSS
The pattern of the phase differences concurs with the previously discussed observations; 423 nevertheless, it does provide excess information on the functioning of the system by describing the 424 possible temporal shift between the common annual coherence of the water quality parameters and 425 the independent variables. In the eutrophic pond, TSS for example behaves similarly to TP, being in-426 phase lead by T (by 1-2 months) and by GR (by 2-3 months), indicating that TSS is composed mostly 427 of algae (Fig. 4) , which corresponds to the delay between the weekly average maxima of GR and T. 428 Unsurprisingly, the delay between the two meteorological variables was 7 weeks in the investigated 429 time period, with the GR maxima occurring in the 24 th week, i.e. mid-June. By mirroring this 430 meteorologically forced relationship, it underlines the capability of the methodology (phase 431 differences) to follow fine changes even under the annual scale. As for TP, in the eutrophic pond it is 432 most likely to occur in particulate form because of the algae, while in Phase II its wavelet transform 433 coherence results resemble that of SRP, since it is dissolves in the water. 434
The inconclusive/confusing phase differences between SRP and the independent variables in 435 the eutrophic pond can be explained by the changes in the concentration of P forms through the year, 436
where SRP displayed almost no increase in summer (Fig. A3 ) due to the continuous algal uptake. 437
Moreover, these inconclusive/confusing phase differences of SRP and T & GR occur for the most 438 part after the year 2000, as was the case of TSS in Phase II. This was a well-documented dry period 439 in the region (Padisák et al., 2006b ). In these years, although external nutrient loads decreased, the 440 internal loads acted in the opposite way due to the higher T and GR. These 441 counter-processes caused e.g. the phase differences of SRP and T to become meaningless, since 442 according to the arrows (Fig. A4 ), around 2004 T should have been leading SRP by almost 6 months. 443
In the case of TSS, the inconclusive phase differences in Phase II are presumably caused by the 444 generally low concentrations near the level of detection (Fig. A2) and the hectic inputs from the 445 canals. 446
Inconclusive phase differences of N forms 448
Upstream, in the River Zala, NO3-N dominated (Table 1; Figs. 2, 6a ) the N forms, with slightly 449 lower concentrations in summer, mostly because the higher exposure of the river section to radiation 450 increases biological activity, thus denitrification (Mulholland et al., 2008) . It should be noted, 451
however, that the dissolved organic fraction of TN (Fig. 2) is able to modify the phase differences of 452 TN, and this was especially so in the dry years around 2000 (Fig. 7a) . It happened to such an extent 453 that TN was not able to display a pattern (decrease with T and GR in the summer) as clear as in the 454 case of nitrate (Fig. 7b) . 455
In the algae dominated eutrophic pond TN changed its phase with reference to the River Zala, 456
and displayed a clear in phase pattern with T and GR. This occurred because, in the eutrophic pond, 457
as GR and T increase in the growing season, the inorganic N uptake of algae also increases 458
proportionately (Reay et al., 1999) . This process decreases the nitrate concentrations (Fig 6b) , thus 459 leaving the TN loads at a similar level as the input from the river (Table 1; Figs. 2 and 6b) . winter. This is indeed the case for nitrate (Table 5 ; Fig. 6c,d ), but not for TN, the levels of which do 467 not drop in parallel to this. However, PN is retained by wetlands (Romero et al., 1999) thus decreasing 468 the TN output in the KBWPS accordingly. Unfortunately, in summer organic N is continuously 469 resupplied from the decomposition of algae. Therefore, despite the seasonal increase of denitrification 470 (Seitzinger, 1988) and the N uptake of the macrophyte cover (Dvořáková Březinová and Vymazal, 471 2016) with water temperature, these opposite-tending processes disrupt the periodic characteristic ofTN in the wetland area. Nevertheless, a net decrease in the output of TN from the KBWPS is observed 473 due to the previously discussed processes (Table 1) 
Conclusions 485
The water quality variables of a cascade-like engineered ecosystem consisting of a shallow 486 river, a eutrophic pond, and an undisturbed/disturbed macrophyte covered wetland were assessed to 487 track the capacity of the system to indicate meteorological seasonality. In particular, the annual 488 coherence of the water quality parameters and meteorological parameters (including streamflow) 489 indicated the explicit differences in the functioning of the different habitats of the assessed system 490 and these were shown to be in concurrence with previously documented knowledge. It was also 491 pointed out that the eutrophic pond is more capable of mirroring meteorological changes. In the 492 meanwhile, continuous upstream-(from the eutrophic pond) and temporarily irregular additional 493 nutrient inputs (from the southern watershed) tend to counteract the characteristic processes of the 494 wetland (including macrophyte shading). Taken together, these decrease its capacity to indicate 495 seasonality, as seen in the pond upstream. Moreover, it was found that in this particular setting, the 496 wetland is less suitable/unstable in terms of nitrogen retention, and can only decrease the incoming 497 waters' phosphorus concentrations to a small degree, most probably due to the excess-and the high 498 algae loads. 499
With the successful application of wavelet transform coherence to the "black-box" cascade, 500
where the boxes represent different ecosystems without any transition areas (ecotone) in between 501 them, a promising example is set for the wider application of the method in limnology. The present 502 paper provides a more precise overall picture on the previously discussed behavior of the cascade 503 system, which was designed to restrain the nutrients brought by the River Zala responsible for a fair 504 part of Lake Balaton's eutrophication. 
